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We have searched for the baryon-containing radiative penguin decaysB2→L p̄g andB2→S0p̄g, using a
sample of 9.73106 BB̄ events collected at theY(4S) with the CLEO detector. We find no evidence for either,
and set 90% confidence level upper limits ofB(B2→L p̄g)10.3B(B2→S0p̄g)] Eg.2.0 GeV,3.331026,
@B(B2→S0p̄g)10.4B(B2→L p̄g)#Eg.2.0 GeV,6.431026. From the latter, we estimate B(B
→Xsg,Xs containing baryons)Eg.2.0 GeV,3.831025. This limit implies upper limits on corrections to
CLEO’s recent measurement of branching fraction, mean photon energy, and variance in photon energy from
b→sg that are less than half the combined statistical and systematic errors quoted on these quantities.
DOI: 10.1103/PhysRevD.68.011102 PACS number~s!: 13.20.He, 13.40.Hq, 13.60.Rj
The branching fraction for the radiative penguin decayb
→sg has been shown to place significant restrictions on
physics beyond the standard model~SM! @1#. The photon
energy spectrum, in contrast, is insensitive to beyond-SM
physics@2#, but provides information on theb quark mass
and momentum within theB meson, information useful for
determining the Cabibbo-Kobayashi-Maskawa~CKM! ma-
trix elementsuVubu and uVcbu. Some measurements ofB(b
→sg) @3,4#, including the most precise one to date@5#, and
the best measurement of the photon energy spectrum@5# in-
*Present address: McGill University, Montre´al, Québec,
Canada H3A 2T8.
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clude a technique~‘‘pseudoreconstruction’’! that has reduced
sensitivity to thoseB→Xsg decays with baryons in the final
state. It is therefore important to determine what fraction of
B→Xsg decays lead to baryons, or to place an upper limit on
that fraction.
Calculations of the mass distribution of thesq̄spectator
system that hadronizes intoXs @2,6# show 1/3 of the spec-
trum above 2.05 GeV/c2, the threshold forL p̄ ~the lightest
baryon-containing final state!, so a sizeable rate forb→sg
with baryons might be expected. Of the spectrum aboveL p̄
threshold, 2/3 is below 2.5 GeV/c2, so one expects the
baryon-containing final states to be dominated byLN̄ and
SN̄. Thus, measurements of the branching fractions forB
→LN̄g and B→SN̄g would help estimate a correction to
the b→sg branching fraction and photon energy spectrum.
In addition, the decayB→LN̄g provides a method for de-
termining the helicity of the photon inb→sg. For LN̄ sys-
tems near threshold (s wave!, or for L and N̄ near back to
back to the photon~thus orbital angular momentum perpen-
dicular to the photon!, theL andg have the same helicity. A
measurement of theL helicity, via its decay angle distribu-
tion, gives a measurement of theg helicity. We have there-
fore conducted searches forB2→L p̄g andB2→S0p̄g and
their charge conjugates.
The data used for this analysis were taken with the CLEO
detector@7# at the Cornell Electron Storage Ring, a symmet-
ric e1e2 collider, and consist of 9.1 fb21 on the Y(4S)
resonance (9.73106 BB̄ events! and 4.4 fb21 60 MeV be-
low the resonance. We select hadronic events that contain a
L→pp2, a p̄, and a high energy photon (Eglab
.1.5 GeV), or contain aL̄, a p, and a high energy photon.
~Henceforth, charge conjugate modes are implied.! For the
B2→S0p̄g search wedo notreconstruct theS0, but analyze
as if the decay wereB2→L p̄g, not detecting the soft pho-
ton from S0→Lg. The high energy photon must lie in the
central region of the calorimeter (ucosugu,0.7), must not
form a p0 or h meson with any other photon in the event,
and must have a lateral energy distribution in the calorimeter
consistent with that for a photon. TheL requirements in-
volve significant displacement of vertex from the interaction
point and consistency ofdE/dx and time of flight of the
decay proton candidate with expectation. They result in aL
candidate sample that is 90% pure. The antiproton candidate
must passdE/dx and time of flight requirements and must
not form aL̄ with any p1 candidate in the event.
We compute the standardB reconstruction variables
M cand[AEbeam2 2Pcand2 and DE[Ecand2Ebeam, keeping for
further analysis events withM cand.5.0 GeV/c
2 and uDEu
,0.5 GeV.Pcand andEcand are computed fromL, p̄, andg
only, both forB2→L p̄g and B2→S0p̄g. With this event
selection, there is negligible background from otherB decay
processes, but substantial background from continuum pro-
cesses: initial state radiation, photons from decays ofp0 or h
that have escaped the veto, photons from decays of other
hadrons. To suppress the continuum background, we com-
pute 12 event shape variables, described below, and apply
loose cuts on three of them. The 12 variables are then used as
inputs to a neural net. The net is trained to distinguish be-
tween signal and continuum background using Monte Carlo
samples of each. Monte Carlo samples distinct from those
used to train the net are used to determine that cut on the
neural net output which would give the lowest upper limit on
the branching fraction, should the branching fraction actually
be zero, and also that cut which would allow us to see the
smallest possible signal. These two cuts differ little, and we
use their average.
The event shape variables are calculated in two frames of
reference, the lab frame and the frame of the system recoil-
ing against the photon~denoted the ‘‘primed frame’’!. Vari-
ables in the primed frame are better at rejecting initial state
radiation; those in the lab frame are better at rejecting other
continuum events. The 12 input variables to the neural net
are~1! ucosuttu, whereu tt is the angle between the thrust axis
of the candidateB and the thrust axis of the rest of the event,
calculated in the lab frame;~2! ucosutt8u, the same, but calcu-
lated in the primed frame;~3! the thrust of the candidateB;
~4! the thrust of the rest of the event;~5! R2, the ratio of the
second and the zeroth Fox-Wolfram@8# moments, calculated
in the lab frame;~6! R28 , the same, but calculated in the
primed frame;~7! ucosu8u, whereu8 is the angle between the
photon and the thrust axis of the rest of the event, all calcu-
lated in the primed frame;~8! and ~9! energies in 20° and
30° cones about the photon direction~excluding the photon
energy!; ~10! the ratio of two sums over particles. Both sums
exclude all particles from the candidateB. The numerator
sums the magnitudes of the component of momentum per-
pendicular to the thrust axis of the candidateB, and excludes
particles within 45° of this axis. The denominator sums the
magnitudes of momentum of all particles not from the can-
didateB. The calculation is performed in the lab frame;~11!
the same, but evaluated in the primed frame; and~12! cosuB ,
whereuB is the angle between the beam direction and the
direction of the candidateB.
The loose cuts areR2,0.5, R28,0.3, ucosuttu,0.8. Hav-
ing obtained substantial suppression of background with the
loose cuts and the cuts on the net output, our final selection is
from the 2D distribution inM cand2DE space. We define a
‘‘signal box’’ uDEu,84 MeV, uM cand2MBu,8 MeV/c2,
which, based on Monte Carlo simulation, should contain
;90% of theB2→L p̄g signal events and (0.7560.15)%
of the background events. We use the yield of events in the
large M cand2DE region ~excluding the signal box!, M cand
.5.0 GeV/c2, uDEu,0.5 GeV, to predict the background in
the signal box. ForB2→S0p̄g, we shift the signal box by
114 MeV to negativeDE, compensating for the missing soft
photon fromS0→Lg. The shifted signal box should contain
;80% of theB2→S0p̄g signal events.
The 2D distributions in theM cand2DE space, on-4S reso-
nance and below-resonance, are shown in Fig. 1. There are
84 events on-resonance, and 43 events below resonance
~with ; half the luminosity!, leading to a background pre-
diction of 0.6 events on and, 0.3 events below, in either sig-
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nal box. In theB2→L p̄g signal box, we observe zero
events on and one event below. In theB2→S0p̄g signal
box, we observe one event on and zero events below. The
one on event has aB rest frame photon energy of 2.18 GeV,
estimated by imposing the constraints that the undetected
S0→Lg decay photon bringsDE to zero, and combines
with the L to give theS0 mass. Thus, we have no evidence
for B2→L p̄g, and have a 90% confidence level upper limit
on its true mean of 2.30 events. ForB2→S0p̄g, with one
event observed and a background of 0.6 events expected, we
also have no evidence for the signal. We use the pre-
Feldman-Cousins Particle Data Group procedure@9# for cal-
culating upper limits. Being confident that we have not over-
estimated the background by more than a factor of 2, we
conservatively use only half the expected background in the
upper limit calculation. This gives a ‘‘conservative 90% con-
fidence level’’ upper limit of 3.64 events. With the additional
requirement that theB rest frame photon energy be greater
than 2.0 GeV, the background in the largeMcand-DE region
drops to 27 events on and 15 events below, with 0.21 back-
ground events predicted for theB2→S0p̄g signal box. This
leads to an upper limit of 3.80 events forEg.2.0 GeV.
The upper limit on the branching fraction will be those
upper limits on the number of signal events, divided by the
number of chargedB’s, by theL→pp2 branching fraction,
and by the detection efficiency.
We assume equal number of charged and neutralB’s, not-
ing that a correction for this assumption can be applied at
such time as theB1B2 to B0B0 ratio in Y(4S) decays has
been well determined. Thus, we have 9.73106 chargedB’s.
We assign a62% uncertainty to that number.
We use Monte Carlo simulation to determine the effi-
ciency for detectingB2→L p̄g and B2→S0p̄g. The stan-
dard model predicts left-handed photons ands quarks inb
→sg, and thus theL ’s in B2→L p̄g will tend to be left
handed. This tendency decreases the number of pions from
L→pp2 that decay against theL boost direction. Such
pions are soft and more difficult to detect. Thus, SM decays
will have a detection efficiencyhigher thanthat of unpolar-
ized L ’s. For an upper limit, we conservatively assume un-
polarizedL ’s. For B2→S0p̄g, we also assume unpolarized
L ’s.
The efficiency as a function ofL p̄ mass is shown in Fig.
2. The sharp falloff near 3.5 GeV/c2 is caused by the photon
energy requirement,Eg
lab.1.5 GeV. The gentler decrease
from 2.4 to 3.4 GeV/c2 is caused by the background sup-
pression requirements. Similar results are obtained forS0p̄.
We assume aL p̄ mass distribution (S0p̄ mass distribution!
given by the parton-level hadronic mass distribution@2,6#
times a phase space factorP/M . P is the momentum of the
L or p̄ (S0 or p̄) in theL p̄ (S0p̄) rest frame, for that value
of L p̄ (S0p̄) massM. We have also used a weightingP3/M ,
appropriate for ap-wave system.
As we are primarily interested in decays with a high en-
ergy photon, we compute the efficiency for the subset of
events with B rest frame photon energyEg.1.5 GeV
(ML p̄,3.5 GeV/c
2), and with Eg.2.0 GeV (ML p̄
,2.6 GeV/c2). For B2→L p̄g, for events with Eg
.1.5 GeV we find efficiencies of 11.6%~for P/M ) and
10.5%~for P3/M ); for events withEg.2.0 GeV we find an
efficiency of 12.4% in both cases. For theEg.1.5 GeV
FIG. 1. MB2DE for on and
below resonance data and
photons withEg
lab.1.5 GeV. The
solid box shows the tight signal
box (5.272,MB,5.288 GeV/c
2,
uDEu,0.084 GeV) used for deter-
mining theB2→L p̄g yield. The
dashed box is shifted downward
in DE by 114 MeV and is used for
determining theB2→S0p̄g yield.
FIG. 2. Efficiency as a function ofML p̄ , for signal Monte Carlo
simulation, with all cuts applied.
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case, we conservatively use the smaller efficiency. ForB2
→S0p̄g, for events withEg.1.5 GeV we find efficiencies
of 9.4% ~for P/M ) and 8.2%~for P3/M ); for events with
Eg.2.0 GeV we find an efficiency of 10.6% in both cases.
There are also systematic errors in the efficiency from
uncertainty in the simulation of the detector performance
~track-finding, photon-finding, vertex-finding, resolutions!
and an uncertainty in the modeling of the otherB. We esti-
mate these at68.2%.
We obtain a conservative 90% confidence level upper
limit on the branching fraction by using unpolarizedL ’s,
using theP3/M option for theL p̄ (S0p̄) mass distribution,
and then increasing the limit so obtained by 1.28 times the
quadratic sum of the two remaining systematic errors,62%
from number ofB’s and 68.2% from detector simulation
and modeling of the otherB.
While our specific goal in the first search wasB2
→L p̄g, we also have sensitivity to the decayB2→S0p̄g,
S0→Lg in that analysis. Our efficiency for the latter decay
is 0.3 times that of the former. Similarly, while our specific
goal in the second search wasB2→S0p̄g, we also have
sensitivity to B2→L p̄g, 0.4 that forB2→S0p̄g. Hence,





From these upper limits, we would like to obtain an upper
limit on the branching fraction forb→sg leading to baryons.
Our first step in this direction uses isospin considerations.
The parton-level final states,sū and sd̄, form an isospin
doublet, and the hadronization process should conserve isos-
pin. This givesB(B2→L p̄g)5B(B̄0→Ln̄g) and B(B2
→ S0p̄g) 5B(B̄0→S0n̄g) 51/2B(B2→S2n̄g) 51/2B(B̄0
→S1p̄g). Thus B(B→SN̄g)53B(B2→S0p̄g) and B(B
→(L or S)N̄g)53B(B2→S0p̄g)1B(B2→L p̄g). Multi-
plying the last upper limit given above by 3, we have@B(B
→SN̄g)11.2B(B→LN̄g)#Eg.2.0 GeV,1.931025, which
we use as our limit onB„B→(L or S…N̄g).
The above branching fraction limit is for both baryon and
antibaryon in the lowest lying baryon SU~3! octet. We must
also consider decays with one of the baryons in the decuplet
@i.e., B→SD̄g and B→S(1385)N̄g] decays involving
higher-mass octet and decuplet members, and non-resonant
decays such asB→(L orS)(N̄ or D̄)pg. The requirement
thatEg(B rest frame) be greater than 2.0 GeV translates into
an upper limit on the mass of the baryon-antibaryon system
of 2.60 GeV/c2. The various mass thresholds areLN̄,
2.05 GeV/c2; SN̄, 2.13 GeV/c2; SD̄, 2.43 GeV/c2;
S(1385)N̄, 2.32 GeV/c2. Thus, phase space will suppress
the octet-decuplet rates relative to the octet-octet rates. Com-
bining this with the falling parton-level hadronic mass distri-
bution given by the spectator model@6#, or the calculation of
Kagan and Neubert@2#, we estimate a suppression of a factor
of ;4. This is partially compensated by the factor of 2 more
spin states available in the octet-decuplet combination. A
plausible assumption is that the octet-decuplet contribution
would be ;1/2 that of the octet-octet contribution. Octet-
decuplet pairs with an excited member are above the
2.60 GeV/c2 cutoff imposed by the 2.0 GeV photon energy
requirement, and octet-octet pairs with excited members
have thresholds very close to the cutoff. Non-resonant
(L or S)(N̄ or D̄)p states will have thresholds below the
cutoff, but will be phase-space-suppressed relative
to (L or S)N̄. From all this, we take as our working
assumption B(b→sg, with baryons)Eg.2.0 GeV52B(B
→(L or S)N̄g)Eg.2.0 GeV, and hence B(b
→sg, with baryons)Eg.2.0 GeV,3.831025.
CLEO’s recent study@5# of b→sg reported a branching
fraction for Eg.2.0 GeV, corrected for theb→dg contri-
bution, of (2.9460.3960.25)31024. Our upper limit on the
branching fraction forb→sg leading to baryons, withEg
.2.0 GeV, 3.831025, is 13% of that number. The recent
study@5# had an efficiency for detectingB→baryonsg, av-
eraged over baryonic decay modes, that was at least 0.5
times that for modes not involving baryons. This implies an
upper limit on the correction needed for the branching frac-
tion reported there of 6.5%, less than half the combined re-
ported statistical (613%) and systematic (68%) errors.
CLEO’s recent study@5# of b→sg also reported informa-
tion on the photon energy spectrum: an average energy
^Eg&5(2.34660.03260.011) GeV, and a variancê(Eg
2^Eg&)
2&5(0.0226 0.0066 0.0020) GeV2. Both aver-
ages were takenonly for photons above 2.0 GeV. The aver-
age energy ofB rest frame photons from events with baryons
~averaging only for photons above 2.0 GeV! is ;2.1 GeV,
250 MeV lower than the published mean. The upper limit on
the correction to the first moment is thus 6.5% of 250 MeV,
i.e., 16 MeV ~compared with the published statistical and
systematic errors of 32 MeV and 11 MeV, respectively!. The
limit on the correction to the variance is 0.0025 GeV2,
which is 36% of the combined quoted statistical and system-
atic errors on the variance.
In conclusion, we have conducted searches for the exclu-
sive radiative penguin decaysB2→L p̄g, andB2→S0p̄g,
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@B~B2→S0p̄g!10.4B~B2→L p̄g!#Eg.2.0 GeV,6.431026.
With plausible assumptions, this leads to the conclusion that
b→sg decays with baryons in the final state andEg
.2.0 GeV constitute at most 13% of allb→sg decays with
Eg.2.0 GeV. With this limit, the upper limit on corrections
to our recent measurement@5# of the b→sg branching frac-
tion, the mean energy of the photon, and the variance in the
photon energy are less than half of the combined quoted
statistical and systematic errors.
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